Objective: Active control of the arterial diameter by vascular smooth muscle is one of the principle mechanisms by which vessels 1 adapt to a significant rise in blood pressure after birth. Although voltage-gated K (Kv) channels play an important role in the regulation of excitation-contraction coupling in arteries, very little is known about postnatal modification of Kv channels. We therefore investigated changes in the functional characteristics and expression of Kv channels in rat aortic myocytes (RAMs) during early postnatal development. Methods: Kv currents (I ) were investigated in single smooth muscle cells freshly dispersed from neonatal (1-3 days) and Kv adult Wistar rat thoracic aorta using the whole-cell patch clamp technique. Results: I in neonates had significantly faster activation Kv kinetics and was inactivated at more positive voltages than I in adults (half-inactivation potential 22462 and 24063 mV and slope Kv factor 4.260.4 and 11.160.5 mV, respectively). No difference in the steady state activation was found. I in neonates was insensitive to a Kv high concentration of tetraethylammonium (TEA, 10 mM) but blocked 4-aminopyridine (4-AP, IC 50.560.1 mM), whereas I in adult 50 Kv
Introduction
muscle (VSM) is also likely to play a pivotal role and functional studies have reported altered contractility during After birth, blood vessels undergo rapid structural development [2, 3] . Relatively little is known, however, of alterations in order to maintain cardiovascular homeostasis analogous changes in membrane mechanisms which con- 21 in the face of a significant rise in blood pressure [1] . trol Ca homeostasis in VSM. express Ca -activated K (BK ) currents whereas I is 2.
Electrophysiological recordings
Ca Kv the major current in adult myocytes [9] , and greater expression of Kv2.1 channels has been reported in cultured Cells were placed in a chamber of volume 50-100 ml ovine pulmonary myocytes from adult animals compared and were continually superfused (|1 ml / min) with PSS or 1 to those of neonatal and foetal cells [10] . In systemic test solution via a five-barrel pipette [14] . Whole cell K vessels, however, the evidence suggests the activity of currents were recorded at room temperature using the BK channels increases during development [11, 12] , but standard patch-clamp technique (Axopatch 200B amplifier Ca whether significant changes in Kv channels occur in the and PCLAMP 6 software, Axon Instruments). Glass misystemic circulation, which may be more important at cropipettes filled with pipette solution had a resistance earlier stages of postnatal development and may differ in range of 3-5 MV. At the beginning of each experiment, this respect to the pulmonary vasculature, remains controthe capacitive transient in response to 10 mV hyperpolarizversial. Thus, Gomez et al. [12] found no significant ing step depolarisation (filtered at 50 kHz and sampled at differences in electrophysiological and pharmacological 200 kHz) was recorded and cell membrane capacitance properties of Kv channel currents in neonatal and adult rat (C ) calculated from the area under the capacitive tranm aortic myocytes (RAMs), whereas our preliminary data, sient. Time constants of the capacitance transient decay obtained under different experimental conditions, had were 25-60 times faster in neonatal (0.0660.005 ms, suggested that I in the same preparation was developn542) and adult (0.1560.01 ms, n571) RAMs than Kv 1 mentally regulated [13] . changes in the activation kinetics of K currents and, Therefore, the main purpose of this study was to therefore, capacitance transients were not compensated. characterise fully the electrophysiological and pharmacoCalculated average series resistance was similar in neonatlogical properties of I . We have also compared the al (13.660.9 MV, n542) and adult (13.760.8 MV, n5
Kv expression of Kv channel a-subunits in RAMs from the 71) RAMs. Since the whole-cell current was small (averthoracic aorta of neonatal and adult rats. Significant age amplitude ,500 pA at 180 mV in PSS) in both differences in the properties of I in neonates in comneonatal and adult myocytes, the calculated maximum Kv parison to adults were found. These were associated with a voltage error was ,7 mV and therefore neglected. In all lower expression of the Kv2.1 channel protein in the voltage protocols used cells were held at 280 mV and neonatal aorta and reduced expression of Kv1.2 channel stimulated at 0.1 Hz. protein in adult rat aorta.
Western blot analyses

Methods
Aorta segments were placed in cold lysis buffer con-2.1. Cell isolation procedure taining a protease inhibitor cocktail (Complete, Boehringer Mannheim) and homogenised (24 000 rpm, 231 min; Experiments were performed on RAMs freshly isolated Ultra-Turrax T25 homogeniser, Janke & Kunkel, IKAfrom neonatal (1-3 days old) or male adult (6-8 weeks, Labortechnik). Cell lysate was then agitated slowly for 1 h 225-300 g) Wistar rats. Adult animals were killed by and debris removed by centrifugation (2500 g, 30 min). All stunning and cervical dislocation, and pups were decapiprocedures were performed at 4 8C to minimise protein tated without prior anaesthesia in accordance with the breakdown. Supernatants were stored at 270 8C prior to Guide for the Care and Use of Laboratory Animals use. published by the US National Institutes of Health (NIH Samples (20-40 mg of protein) were mixed with SDSPublication No. 85-23, revised 1996). Segments of aorta gel loading buffer and separated using 6 or 8% acrylamide (1-3 mm), preincubated in physiological saline solution gels. Total protein concentration was measured by the 21 21 (PSS) containing 0.2 mM EGTA and no Ca (Ca -free Bradford method using bovine serum albumin as a stan-EGTA-PSS, 10 min, 37 8C), were transferred into 2 ml of dard and gel lanes loaded with equal amounts of protein. 21 Ca -free PSS containing collagenase Type XI and papain Proteins were blotted onto PVDF membranes and washed (1 and 0.3-0.5 mg / ml for neonates, and 3 and 1 mg / ml in phosphate buffered saline (PBS, Gibco) and PBS for adults, respectively). Dithiothreitol (1 mM) and PSS containing 0.05% Tween-20 (PBS-T). After blocking (10 ml / ml) were added to activate papain and increase (5%, w / v, solution of dried skimmed milk in PBS-T, 1 h, collagenase activity, respectively. After incubation (37 8C; room temperature), membranes were probed overnight 15-18 min neonates, 30 min adults), segments were gently (4 8C) with either anti-Kv1. 1C) . Suppression of the current by 1 mM paxilline was Data analysis, statistics and curve fitting were performed greater than in neonatal cells, being blocked by 3563% with PCLAMP6, Origin 4.1 (Microcal Software) and Mi-(n510), when measured at 160 mV, in contrast to 664% crosoft EXCEL computer software. Data are presented as (n56) in neonatal myocytes (P,0.0002). At more negamean6S.E.M. Significance was determined using unpaired tive potentials paxilline was less effective (e.g. 1765% at Student's t-test and differences were deemed significant at 120 mV compared with inhibition at 160 mV, P,0.002, P,0.05 unless stated otherwise.
paired t test) ( Fig. 1D ) suggesting that the relative contribution of BK channels to the whole cell outward Ca current is larger in adult than in neonatal RAMs.
Results
At 160 mV in PSS, the net outward current in adult myocytes ranged between 40 and 1160 pA (mean value neonatal cells (C 54.660.2 pF, n542, P,0.0001), the at 160 mV, n525, P,0.001) than that which occurred m current amplitude corrected for cell size was significantly with paxilline but, as with paxilline, the degree of block smaller in adult (1861 pA / pF, n535) than neonatal was decreased at negative potentials (Fig. 2D) Fig. 2 illustrates the effect of 1 and 10 mM TEA and 5 increased sensitivity of I to this inhibitor, as described Kv 1 mM 4-AP on the whole cell K currents in neonatal and below. adult RAMs using the voltage protocol described above. In
An increase of TEA concentration to 10 mM, however, neonatal RAMs (Fig. 2Ab) the effect of 1 mM TEA (a caused a significantly larger decrease in the outward concentration which should eliminate most BK ) was current amplitude in adults (Fig. 2Cc ) than in neonates Ca similar (1365% inhibition at 160 mV; n520) to that (Fig. 2Ac) . Inhibition of the current at 160 mV was observed with 1 mM paxilline (compare Figs. 2B and 1B) .
8262% in eight adult RAMs in comparison to 3065% in In adult myocytes, the inhibitory effect of 1 mM TEA was 20 neonatal RAMs (P,0.0001). Further addition of 5 mM 1 significantly larger at positive voltages (5163% inhibition 4-AP completely eliminated K currents in neonates ( Fig.  2Ad and B) and had little additional effect on the residual current in adult RAMs ( Fig. 2Cd and D) . The current remaining in the presence of both TEA and 4-AP was small and showed an almost linear dependence on membrane voltage in both cell types ( Fig. 2B and D) , most likely representing a small 'leak' current. The mean slope resistance measured in the linear range (between 290 and 260 mV) of the I-V relationship was not significantly different in neonatal (1763 GV, n516) and adult (861 GV, n535) RAMs. 
Activation and inactivation of I in neonatal and
Kv adult RAMs
Since it appeared that the sensitivity of I to TEA and at more negative potentials (between 280 and 260 mV), 
Effect of a-dendrotoxin and charybdotoxin on I Kv currents in neonatal and adult RAMs
Some TEA-sensitive delayed rectifier currents are additionally characterised by sensitivity to nanomolar concentrations of certain toxins, including ChTx and a-dendrotoxin (DTx) [16] . Therefore, the effects of 300 nM ChTx and 200 nM DTx on I , measured at 160 mV, were 
Developmental changes in the expression of Kv1.2, Kv1.5 and Kv2.1 channel proteins in rat aorta
The differences in the I characteristics of neonatal and were detected in rat heart. Both were specific to binding of the anti-Kv1.5 antibody, as they were not detected when achieving maximum inhibition between 210 and 0 mV the primary antibody was preincubated with the corre-( Fig. 5Ab and Cd) . Interestingly, further increasing the sponding antigen (not shown). No Kv1.5 bands were conditioning potential resulted in a progressive increase in detectable in neonatal aorta, and only a 95 kDa protein was the current amplitude during the test pulse in adults, but apparent in the adult aorta. Qualitatively similar results not in neonates (Fig. 5A and B) . The normalised I , fitted were obtained in another two experiments. where V , the half-inactivation potential, was equal to 223 and 239 mV (vertical dashed lines), k, the slope factor, was 4.7 and 11.9 mV and A, the Fig. 1 and corrected for a residual leak current calculated from the mean slope resistance measured as described in the text. Solid lines were drawn according to the Boltzmann function described above with A 5 0 and half-activation potentials equal to 1.3 and 4.9 mV and the slope factors of 14.8 and 15.7 mV in neonatal and adult RAMs, respectively.
The differences in electrophysiological and pharmacological properties in I in neonatal and adult RAMs could Kv explain the differences in the sensitivity of contraction of intact rat aorta to 4-AP and TEA described previously by Gomez et al. [12] . However, in contrast to our findings voltage-dependent inactivation and 4-AP sensitivity of I Kv in neonatal and adult RAMs were found to be similar [12] . Differing experimental conditions may provide an explanation. Thus, we directly blocked the residual BK with Ca 21 21 paxilline, whilst a Ca -free PSS containing 2 mM Co 21 to block Ca entry and BK currents was employed in Ca [12] . We avoided the use of divalent ions as they can directly affect I ; at least in adult RAMs we found that paxilline, TEA and ChTx, and were larger in adults than in by a relatively low rate of inactivation and can be neonates. This observation echoes previous reports from classified as a delayed rectifier current. Genes, which studies of foetal and adult human aorta [11] , rat aortic [12] encode slowly-inactivated delayed rectifiers, corresponding cells and also from neonatal and adult porcine pulmonary to Kv1.1, Kv1.2, Kv1.5, Kv1.6, Kv2.1 and to Kv3.1b arteries [8] . Since this study was focused on investigation channels have previously been found in VSM [17] [18] [19] . of developmental changes in Kv currents, BK currents Kv1.1, Kv1.6 and Kv3.1b homomultimers, which encode a Ca were eliminated using 1 mM paxilline. Inhibition of the net rapid delayed rectifier current similar to that observed in outward current with paxilline was not significantly differneonatal RAMs, are inhibited by low concentrations of ent from that achieved with 1 mM TEA (neonates) or 300 TEA (,1 mM) and, in addition, Kv1.1 and Kv1.6 channel nM ChTX (adults), although 1 mM TEA was more currents are also blocked by nanomolar concentrations of effective in adults. This effect could be explained by the DTx [20, 16] . These pharmacological characteristics are greater sensitivity of I to TEA in adult RAMs and the however not shared with I of neonatal RAMs. Moreover, I thus recorded showed clear differences in electrohave characteristics more similar to the Kv1.5 channel.
Kv physiological properties and pharmacological sensitivity However it also shares characteristics with a Kv1.2 / Kv1.5 between neonatal and adult rat aorta. In adult RAMs (1) heteromultimer since DTx and ChTx sensitivity is known the activation of I was slower, (2) I inactivated at to be lost in this heteromultimer. Indeed, the presence of Kv Kv more negative membrane potentials and demonstrated a only one Kv1.5 a-subunit in the tetramer is sufficient for U-shape dependence on the conditioning potential in this loss of toxin sensitivity [21] . The loss of the toxin contrast to neonates, (3) the slope of I inactivation was sensitivity may be unique for Kv1.2 / Kv1.5 heteromultimKv 2-fold greater than in neonatal RAMs, and (4) I was ers as e.g. Kv1.1 / Kv1.5 heteromultimers retain sensitivity Kv almost completely blocked by 10 mM TEA and relatively to DTx [23] . insensitive to 4-AP in contrast to relative TEA insensitivity Kv2.1 channel currents are characterised by a relatively and 4-AP sensitivity of that in neonates. However, I in slow kinetic of activation and demonstrate a moderate Kv both cell types was not inhibited by high concentrations of sensitivity to TEA with half block between 1 and 10 mM ChTx and DTx. [24, 19, 25] . In addition, a U-shape dependence of inactiva- tion observed in adult RAMs was previously demonstrated during postnatal development. Indeed, increased expresfor Kv2.1 channels [26] . These properties of Kv2.1 match sion of Kv2.1 protein and a reciprocal decrease in expreswell those of the I in adult RAMs. Also relevant, an sion of Kv1.2 protein was observed from neonate to adult.
Kv increased Kv2.1 gene and protein expression with postnatHowever, one anomaly occurred as we were not able to al development has been reported in cultured ovine puldetect the Kv1.5 a-protein in neonatal tissue, whereas the monary myocytes [10] .
corresponding 95 kDa band was apparent in adult rat aorta. If the predictions above, based on electrophysiological This was unlikely to be due to protein degradation in the and pharmacological characteristics are correct, we would neonatal tissue since the isolation procedure was perexpect the expression of Kv1.2 and Kv1.5 a-proteins to formed on ice or at 14 8C in the presence of protease decrease and the expression of Kv2.1 a-subunit to increase inhibitors. Secondly, the absence of signal was unlikely to result from use of an inappropriate antibody since, in
